With the increasingly wide application of fused filament fabrication (FFF) technique, the built products are inevitably exposed to dynamic mechanical loading and vibration. However, there has been no systematic study in the literature on understanding and characterization of dynamic mechanical performance for FFF products. In this paper, the dynamic characteristics of FFF plates are quantified, with the effect of different extrusion width taken into account. A dynamic model of the built plate with cantilever boundary conditions is established, and the inherent characteristics are predicted. Modal tests are then performed on these samples to obtain the measured data. rough the comparison between predictions and measurements, the theoretical model is validated. Different extrusion width makes the material properties of the plates different, resulting in different dynamic characteristics. e scanning electron microscopy (SEM) analysis on the samples confirms that the dynamic characteristic is deteriorated as the extrusion width decreases. is present work provides theoretical basis and technical support for further research in improving the dynamic performance of FFF products and helps extend the applications of this technique.
Introduction
Fused filament fabrication (FFF), an extrusion-based additive manufacturing technique, is able to fabricate products almost without geometrical limitations [1, 2] . In this procedure, the raw material filament is first melted in an extrusion head. It is then extruded out from the nozzle that is moving in a scheduled mode. e molten filament cools, solidifies, and bonds with the extruded material layer beneath it. A three-dimensional model or product entity is finally completed by repeating this procedure to the last layer [3, 4] . It is a trend that FFF is used to produce end-use products for electronic, automotive, and aerospace applications. ese products need to be repeatedly exposed to dynamic loading and vibration, and meanwhile they have to maintain high dynamic characteristic. erefore, the analysis in terms of dynamic characteristic of FFF products is needed to accurately determine the reliability.
During the past few years, extensive research has been carried out in studying various quality characteristics of FFF products, such as mechanical property [5] [6] [7] [8] , surface roughness [9, 10] , build quality [11] [12] [13] , and dimensional quality [14, 15] . However, very few investigations have been performed on the built products' dynamic characteristics. Arivazhagan and Masood [16] used the DMA2980 equipment to conduct the frequency sweep test on FFF samples from 1 to 100 Hz to determine the modulus, damping, and viscosity values. e results illustrated that the strength of the product processed with solid built style was higher than those fabricated with other built styles. Increasing temperature would increase the products' loss modulus, but decrease the viscosity values and storage modulus. Mohamed et al. [17, 18] used the same test method to investigate different processing parameters' effect on the dynamic elastic modulus of samples and pointed out that modulus values would decrease when the build orientation, raster angle, or air gap increased. In addition, the numerical values of maximum glass transition temperature and dynamic modulus were determined by optimizing the processing parameters.
Although these studies were carried out under vibratory and cyclic conditions, the dynamic inherent characteristics of samples were not taken into account, i.e., natural frequency and mode shape. Furthermore, the above research was mainly relied on experimental testing, lacking theoretical basis and principle. For the rst time, this paper established the theoretical model and carried out the experimental research to quantify di erent extrusion widths' in uence on the FFF plates' inherent characteristics.
In this paper, the theoretical analysis of inherent characteristics of FFF plates is introduced rst, followed by sample preparations and modal test research. e predicted and measured results are then analyzed to clarify the e ect of di erent extrusion widths on the inherent characteristics of the plates. Scanning electron microscopy analysis is performed to identify the samples' characteristics in order to microscopically con rm the extrusion width e ect.
Materials and Methods
To investigate the dynamic inherent characteristics of the FFF plates theoretically and experimentally, the modeling is introduced in this section rst, followed by the fabrication of samples and the experimental tests.
eoretical Model.
e FFF plate, composed of multiple layers of ber material made of polylactic acid (PLA, with the mechanical characteristics summarized in Table 1 ), has the characteristic of orthogonal anisotropy.
To model the plate, the following assumptions are made: (1) the layers are rmly bonded with each other, and there is no slip and no relative displacement between layers. erefore, there is no need to consider the interlayer coupling e ect. (2) e laminate plate can be regarded as an integral structural plate. e bonding layer is very thin, and no deformation occurs in itself, that is, the deformation between the single-layer plates is continuous. (3) e plate is composed of multiple single-layer plates, but the total thickness is still consistent with the thin plate assumption. Figure 1 shows the geometric model of the rectangular plate, of which the length a is 130 mm, the width b is 50 mm, and the thickness h is 2.4 mm (the thickness of each single layer is the extrusion width of the extruded lament). Taking the central plane of the plate as the xoy plane, the threedimensional coordinate system (O-xyz) was set up. e length, width, and thickness directions are separately represented by x, y, and z.
According to the small de ection theory of thin plates (Kircho hypothesis), the bidirectional beam function combination method [20] could be used to approximate the mode shape of the plate under any boundary conditions (i.e., simply supported, xed, free, or any combinations) and further to analyze the dynamic characteristics. e plate's mode shape can be expressed as
where X i (x) is the i th order mode shape function meeting the boundary condition in x direction, Y j (y) is the j th order mode shape function meeting the boundary condition in y direction, and a ij is an undetermined coe cient, which is utilized to adjust the combination of beam functions in di erent orders so as to make the mode shape function closer to the real mode shape of the rectangular plate. e x-axis direction is free boundary condition, considering X i (x) as the n th order's mode shape function of a free-free beam, the expression of each order mode shape is
where k i is the coe cient related to beam frequency, k 4
i ω 2 (ρA/EJ), ω is the circular frequency, ρ is the density, 
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A is the area, E is the elastic modulus, and J � h 3 /12, α i is the beam function coefficient, α i � (chk i a − cos k i a)/(shk i a − sin k i a) (i � 3, 4, 5, . . .). e 1 st order (X 1 ) shows the movement of the rigid body; the 2 nd order (X 2 ) shows the torsion of the rigid body; and starting from the 3 rd order, the mode shape is caused by the beam deformation.
In y-axis direction, the plate can be seen as a fixed-free beam, and the expression of each order's mode shape function is
where k j is the same as
. e frequency coefficient [20] is detailed in Table 2 .
Substitute equations (2) and (3) into equation (1), the mode shape function of the FFF plate under cantilever boundary condition is given by
(4)
Ritz method [21, 22] was adopted to obtain the results of the inherent characteristics of the sample. It is an approximate solution method according to the energy variation principle, which could obtain the results by transforming functional extremum problem to the extremum problem of multivariate function. Due to the dynamic excitation, the plate would be deformed, producing stress and strain. erefore, there is deformation energy varying with time existing in the plate. e displacement can be expressed by
where w(x, y) is the maximum displacement of a point on the plate, ω is the circular frequency of the plate, t is time, and φ is the initial phase. e potential energy and kinetic energy of the plate are given separately by
where D is the bending stiffness, υ is Poisson ratio, and ρ is the density of the sample. Substitute the mode shape function equation (4) into equations (6) and (7) , and let the partial derivative of U max − T max in terms of the undetermined coefficient α ij equal 0, that is
e linear algebraic equation for α ij is thus obtained. Set the coefficient determinant of the equation to be 0, and the circular frequency ω can be determined. According to f � ω/2π, the natural frequency of the FFF plate can be obtained. Substitute the circular frequency into equation (4), and the mode shapes would be obtained.
Experimental Analysis

Sample Preparation.
To determine the effect of different extrusion width on tensile property, three types of samples were fabricated by an FFF device (D-force v2). e size was determined according to ISO 527-2-2012 (International standard, plastics determination of tensile properties Part 2: test conditions for moulding and extrusion plastics). eir extrusion width (a certain width of the filament extruded from the nozzle) was separately set to 0.4, 0.3, and 0.2 mm. ese samples are represented by T E0.4_i , T E0.3_i , and T E0.2_i (i � 1∼5), and the schematic is shown in Figure 2 (a), with the fibers parallel to the printing platform and pointing to X direction.
For the dynamic characteristic, another three types of samples (shown in Figure 2 (b)) were fabricated by the same FFF device, with the extrusion width separately being 0.4 mm (E0.4_i), 0.3 mm (E0.3_i), and 0.2 mm (E0.2_i), i � 1∼5. e fibers are parallel to the printing platform, pointing to X direction (see the build direction shown in Table 3 ). It is noted that all the samples are made of PLA, and apart from extrusion width, the other processing parameters are set the same, such as printing speed (moving speed of the printing head during the manufacturing process) and extruder temperature (the temperature of the extruder to heat the filament to molten state). Some details are listed in Table 3 .
Tensile
Test. According to ISO 527-2-2012, the tensile tests were carried out on the samples (T E0.4_i , T E0.3_i , and T E0.2_i , i � 1∼5) using the testing machine (model: Shimadzu EHF-EV 200k2-040, as shown in Figure 3 ). e loading rate during the test was set to 5 mm/min. Since the mechanical strength of PLA is much lower than steel, the clamping force at both ends was only set to 5 MPa in order to avoid breaking the specimen, and thereby it ensures the measurement accuracy.
Dynamic Test.
To measure the dynamic characteristics of FFF plates, modal tests were performed on the samples (E0.4_i, E0.3_i, and E0.2_i, i 1∼5). Figure 4 shows the testing system. It mainly includes impact hammer (PCB 086C01), data acquisition card (NI USB 4431), and accelerometer (B&K4517, weight 0.6 g). e plates were xed with the clamping device to be under cantilever boundary conditions, with the height of the clamping area being 20 mm. e excitation point was about 10 mm away from the bottom, as shown in Figure 4 . To ensure the accuracy of the measurement, the accelerometer was successively xed to the measuring points on the plate with large response (the top and the middle positions of the sample, avoiding the node).
During the experiment, the impulse excitation was rst applied to the samples by the hammer. e dynamic response of the sample due to the excitation was then measured by the accelerometer. At the same time, the realtime excitation and response signal was collected through the data acquisition card. In order to obtain the mode shape of the sample, the MISO (multiple-input single-output) method was adopted, meaning that the accelerometer was fixed at the position with large response and the other measuring positions were excited separately in turn. For each sample, 10 groups of tests were completed (150 groups of measured data obtained in total), further ensuring the accuracy of the measurements.
Results and Discussions
Based on Hooke's law, the elastic modulus of the samples was obtained. According to the equation G � E/2(1 + υ), the FFF plates' shear elastic modulus could be determined, where υ is poisson ratio and υ � 0.36 [19] . e samples were weighted using the electrical analysis balance (FA2004), whose accuracy is 0.1 mg. Together with the plates' three-dimensional size, the density of each sample was determined. Table 4 summarizes the average material properties of the sample for dynamic test. It can be seen that the wider the extrusion width is, the larger the material property of the corresponding samples will be. is can be explained that when the extrusion width increases, the bonding area between adjacent extruded filaments is increased, leading to the improvement of bonding strength. ere would be fewer thermal cycles and nonuniform thermal gradients, leading to fewer distortions and deformations of the extruded filament, and thus better bonding quality. In addition, the bonding gap between the cross section's filaments would decrease, generating fewer defects such as internal pores and void structures. erefore, the material property of the sample is improved with the increase of extrusion width. Shock and Vibration Figure 5 presents the average measured frequency response curves of the FFF samples fabricated with di erent extrusion widths, whose values are separately 0.4, 0.3, and 0.2 mm. Although the devices attached on the sample are lightweight, they can in uence the exact values of the dynamics characteristic parameters to some extent. But the corresponding qualitative analysis is still reliable as the in uence has the same trend. ey are not the origin of the spectral variations. erefore, the e ect of the accelerometer and cable on the sample's dynamics characteristics was able to be ignored. e results are detailed in Table 5 . It can be seen that Sample E0.4 has the highest natural frequency and lowest values of resonant response (due to the impulse excitation), meaning that the antivibration capability is the best compared with the other two types of samples. As mentioned above, this is because increasing extrusion width will improve the forming quality of the samples. erefore, the sample's dynamic characteristic (i.e., antivibration capability) will be improved if the extrusion width is increased.
To validate the theoretical model, the predicted natural frequency and mode shapes are compared with the measurements. Details are shown in Table 6 . It can be seen from the comparison that the predictions agree well with the measurements. e discrepancy between predicted and measured natural frequency is in the range of 7.2%-13.4%. e predicted mode shapes are the same as the measured ones. e 1 st order mode shape is the 1 st order bending vibration, the 2 nd order one is the 1 st order torsional vibration, and the 3 rd order one is the 2 nd order bending vibration. erefore, the theoretical model set up based on the bidirectional beam function combination method can give reliable predictions in inherent characteristic (i.e., natural frequency and mode shape) of the FFF plate. As it was set up closely to the actual situation (considering the e ect of orthogonal anisotropy relying on the classical laminated plate theory) and solved by the reliable algorithm (Ritz method).
In addition, larger extrusion width mainly leads to the increase in elastic modulus of the sample, which would enhance the structural sti ness of the plate according to equation (6) , and this will lead to better dynamic characteristics. According to the basic theory of mechanical vibration, larger structural sti ness generally means higher natural frequencies. As can be seen from the table, the sample fabricated with the extrusion width being 0.4 mm has the largest elastic modulus (18.8 MPa) among the three types of samples; the corresponding natural frequency is the highest, with the rst three measured natural frequencies being 18 Hz, 154.9 Hz, and 384.8 Hz. For Sample E0.2, these values are separately 16.1 Hz, 134.2 Hz, and 346 Hz, with the elastic modulus being 18 MPa. Since all the samples are thin plate structure, the structural characteristic is not changed or in uenced by di erent extrusion widths and the corresponding mode shapes are kept the same.
Although the theoretical modeling makes it possible to analyze and predict the inherent characteristics of the plates, errors inevitably occur and they may come from two aspects, theoretical modeling and experimental testing. In the modeling, the sample was regarded as an Shock and Vibration integral structural plate; the stress and strain between layers were not taken into account. Furthermore, the e ects of transverse shear stress, interface defect, residual stress, and the dispersion of material parameters were ignored. e error also occurred in the experiment, for example, the clamping extent of the xture (boundary conditions) and the testing instrument sensitivity drift would cause adverse in uence. From the microscopic view, the bonding area between adjacent extruded laments will be decreased when the extrusion width decreases (as shown in Figure 6 ), leading to the deterioration of bonding strength.
ere would be more thermal cycles and more nonuniform thermal gradients, leading to more distortions and deformations of the extruded lament, which is a major reason for the bonded layers' poor quality [18] , and thus worse bonding quality. In addition, it can be seen from Figure 6 that decreasing extrusion width would increase the bonding gap between the laments of the cross section, generating more defects such as layer separations, internal pores, and void structures. erefore, decreasing extrusion width will deteriorate the mechanical property and dynamic performance of the FFF product. Figure 7 provides the surface SEM observation of the samples fabricated with the extrusion width being 0.4 and 0.2 mm, respectively. It is a side view of the sample, showing the microscope details of the layer height. From the comparison, it can be seen that as the extrusion width is reduced down to 0.2 mm, there are more distortions 
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and nonuniformities in the sample, resulting in poorer bonding quality between extruded filaments. erefore, the mechanical and dynamical characteristics of the sample will decrease with the reduction of extrusion width.
Conclusions
Combining theory with experiment, this paper studied the inherent characteristic of FFF plates under cantilever boundary conditions and quantified the effect of extrusion width. It can be concluded that different extrusion widths can lead to the difference in material property of the FFF sample. e material properties are improved with the increase of extrusion width. e dynamic characteristic (i.e., antivibration capability) of the sample will be improved if the extrusion width is increased. Compared with the measurements, the theoretical model set up based on the bidirectional beam function combination method can reliably predict the natural frequency and mode shape of the FFF plate, with the error within the confidence level. e greater the material property of the sample is, the higher the corresponding natural frequency will be. Since the structural characteristic is not changed or influenced by different extrusion widths, the mode shapes are kept the same. e SEM shows that the mechanical and dynamical characteristics of the FFF plate are deteriorated as the extrusion width decreases. However, the study on more processing parameters is recommended to further confirm the theoretical model and to quantify their effect on FFF parts' dynamic characteristics. is paper provides theoretical basis and technical support for further research in improving the dynamic performance of FFF products.
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